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RESEARCH MEMORANDUM

TEE EFFECT OF VARIOUS MISSILE,CHARACTERISTICS

ON AJXFMME FREQUENCY RESPONSE

By Howard F. Matthews and Walter E. McNeill

SUMMARY

The frequency response of two important airfrsme characteristics
were calculated for a cruciform, variable-incidence, air-to-air missile.
Plots of smplitude ratio and phase angle as a function of angular
frequency are presented to show the effects of the importance, accuracy,

● and the nonlinearity of certain aerodynamic derivatives, altitude ~d

R- Mach nuder variation, and aeroelasticity. Altitude changes were foqnd
to have predominantly the greatest effect on the frequency response,

* while possible errors in the evaluation of the significant aerodynamic
derivatives resulted in the least change.

INTRODUCTION 4

As is well known, the response of a missile to control motions
depends on the mass characteristics, the flight altitude and speed, and
the magnitude of the aerodynamic derivatives. As is well known, a nuniber
of these derivatives cannot be estimated with the desired accuracy.
In addition, certain aerodynamic characteristics may not be linear, the
missile maybe subject to aeroelastic effects, and the missile may be
required to operate over wide ranjjes.of altitude and Mach nuniber. It iS

the purpose of this paper to present snd compare the effects of a number
of these factors on several of the more important airframe-response
characteristics. It was believed that such an investigation would give-
a better understanding of the problems of designers who must try to cope
with these changes in one manner or another to obtain a satisfactory
system response over the missile operating range. Since.these changes
appear to be particularly severe for a maneuvering type of missile, the
typical short-range, air-to-air, boost-glide missile shown In figure 1.
has been selected as an exsmple, smd the results which are presented are
based on the mass and moment of-inertia being assumed constant. .,~ .X
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i

TEE FREQUENCY RESPONSE
-.. —

—

The study is confined to longitud@almotion, and the airfrsme
characteristics selected for scrutiny are sbwn in figure 2 and ‘areth; ‘“
rate of change of the pitch angle 6 and the rate of change of the
flight-path angle Y in response to a control deflection ?5. If a
sine wave motion of the control is applied tita number of discrete
frequencies, the relationship ~etween the steady sinusoidal motion of
the output such as the rates of change of “@ and i to the input is

termed the frequency response. The frequency response is particularly
useful in the design of the guidance and stabilization system, and
therefore this form will be used in presenting the results. The
location of the quantities 6/6 and ~~~ in a portion of a typical
guidance and stabilization system is shown in block-diagrsm form in
figure 3. The quantity 8/8 was chosen because of its importance in
the stabilization--ofthe missile, while $’/5 Is a particularly sig-
nificant relationship in the guidance loop of a proportional-
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guidance system.

FREQUENCY-RESPONSE PLOTS
Kz—
.s,>

Relative Importance of the AerodynamicDerivatives &

.-
the relative importance of the aerodynamic derivatives on the

frequency response $sconsidered. Figure 4 shows the system of axes,
the three equations of motion for constant thrust> and the derivatives
used in these equations. The large number of the derivatives and the - .
relative accuracy with which some of them can be evaluated leads to two
questions~ first, which derivatives have a significant effect on the
results and, second, to what accuracy must the important derivatives be
estimated to insure an adequate approximation of the frequency response.
To study this, the general expressions relating the quantities of inter- -
est were derived from th~ equatio~s of motion in the usual manner. The
frequency responses of 6/6 and 7/8 then were computed from these

.

expressions”for the mean flight condition of a Mach number of 2, an
altitude of 30,000 feet, and a static margin of 25 percent of the mean
aerodynamic chord of the isolated wing. The .yaluesof the derivatives
for these computations and others given pubeequently were obtained or
extrapolated from available tind-tunnel data (references 1 and 2) or
from theory (references 3, 4, and 5). These derivatives were assumed to
be unaffected by frequency. The results of these computations are ;

plotted in figure.~ in the usual form of curves of amplitude ratio and
phase ~le as flmctions of angular frequency. The solid curves are the .
results obtained by using all twenty derivatives. The dashed curves
summarize the results of ne&Lecthg various derivatives or portions of

*

c
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a derivative until
difference between
derivatives can be

only the six indicated in the key remained. Since the
the two curves is almost indistinguishable, the six
used to corrputethe frequency response adequately.

A further reduction in their number cannot be made without a significant
change in the dashed curves. The results for this example are also con-
sistent with the simplification often employed in dynamic analyses in
which only these same derivatives are used. A similar analysis was also
made for a static margin of 5 percent with the ssme results. —

Figure 6 is’presented to illustrate”the simplification in the
frequency-response computations which results from a consideration of
only the six important derivatives.

...
-In the figure are given the gegeral

differential equations relating the pitching velocity and the rate of – ‘-~-
change of the flight path to the control deflection when all the
derivatives are considered and the complete expressions for the coeffi-
cients of the equations. The boxes enclose those terms composed of the
six important derivatives, either singly or in combination, and the use- ---
of only those coefficients that are in boxes reduces & order of the
polynomials in the general eqyations to a maximum of two. The resulting
reduction in the complexity of the equations and the coefficients is

*“ shown in figure 7 in which the equations are written in a more funda-
mental form.

. It must be realized that such simplifications must be applied with
caution. Derivatives which may he unimportant under certain flight con- U
ditions may be significant for others. For example, one such case
occurred in the present study where it was observed that the lift and
pitching-moment coefficients yer rate of change of control motion, that
is, c% andC~, mayhav e some significance at a lower Mach number —

where the effect of the downwash lag on the tail is increased. Computa-
tions, therefore, were made at a Mach number of 1.2 at 30,000 feet and
the results are shown in figure 8. The solid lines represent the results
of using only the simplified equations with the six important deriva-
tives, whereas the dashed lines Include the effect of the derivatives
CL~ and C “

W“
It appears that even at this l@ch nuniberthe influence of

CL& =d Cm: is small, except for the noticeable change in the phase
.-

angle of ~/6 at the higher frequencies.

It is conceivable that marked changes in configuration would adjust
the relative importance of the derivatives. However, an examination of
the derivatives for a canard and a tail-control configuration indicated
that the results are similar to those of the variable-incidence missile
except that the lift derivative CLb is of decreased importance.
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The next question of interest concerns the effect on the frequency
~

response of possible errors in evaluating th-esix significant derivatives.
In studyingthese effects it was assumed that the lift derivatives could . Y
be evaluated to within 5 percent, the static-moment derivatives to .—

15 percent, and the rotary derivatives to witihin”20percent. In .-.
figure 9 are shown the results of the,computations of the frequency
response. The solid line is identical to that given previously for a
Mach number of 2 at 30,000 feet for a static margin of 25 percent and it ““–. ...=-
was presumed that the derivatives were exact. The lowest broken line
(lowest at the lower frequencies) labeled “accumulated error” was corn- . +.
puted by using the possible errors in the derivatives in such a manner as
to give the largest..decreasein the smplitude ratio at zero frequency,

—.

henceforth referred to as the gearing, and the highest peak-amplitude ‘=: . ,..-
ratio in relation to the steady-state value. The other broken curve’is” ,.

the result of using these errors conversely so that these two curves
+

closely represent the limits in the variation in the frequency response
due to the assumed possible iticcuracy of the derivatives. As can be --<
seen the variation may be significant,

—.—
amounting to, for exa:.21e,a. ._

, -.—.

change.in the gearing by as-much as 28 percerit. However, asis shown “ ‘“=
mibsequently, other possible parameter variations have considerably

.=
,. --

..reatereffect.,
..

—
.—

Altitude and Mach Nuiiber
. s

It is of interest to examine the changes in the-frequency response
which wi~ be encountered due to variations in ~ch number and altitude _
since a missile will normally be called upon to operate satisfactorily
over relatively large ranges of these quantities. To determine their
effect a Mach number range of 1.2 to 2.5”tid “apressure-altitude range ‘ ‘“--- ‘~
of 5,000 to 50,000 feet were selected as betng representative limits of
operation. The amplitude ratios and phase plots for these conditions
are shown.in figures 10 and Il.” we effe:ts are large, partictiarly
that due to altitude. For example, for e/b- the Altitude change from
5,000 to 50,000 feet may change me gearing by a factor of 6-1/2, the
frequency at the peali-amptituderatio by almost 3, and the ratio of the
peak amplitude to the steady-state value by as much as 5-1/2. In con-
trast, the Mach number effects are less than 2 for each of these compar-
isons. However, both of theseeffects are of a much greater magnitude
thti that due to inaccuracy in derivative evaluation.

●
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Nonlinearities

Recent theoretical and experimental work has indicated that non-
linearities occur, particularly in the moment chd.racteristics,due to
the relative motion of the tail with respect to the vortices of the , : - .
forward lifting surfaces. These nonline,aritiesexe undesirable
primsrily because of the variations they introduce in the frequency

..—.

response. Since their effect Is greatest at a low Mach number and a high , ---
altitude where the largest angle-of-attack and control-deflection“vari-
ation occurs, the assumed typical nonlinear pitching-moment character-

—:

istics at the lowest Mach number of 1.2 as shown in figure 12 were
...

selected for examination. The trim points for zero lift.and the
assumed maximum allowable g at 50,000 feet are noted in the figure.
If these are taken to be the limiting operating conditions of the
missile, the maximum change in the frequency response due to the non-
linearity is closely given by using in the computations the slopes of -
the pitching-moment curves at these points. The effect on the fre-
quency response of such variations in the static stability and control _ ;--
moment effectiveness is shown in figure 13. The chskge in the gearing “..
at this flight condition is about 2-1/2 times @e effect of Mach number

.—
. for the linesr case but only about half the variation introduced by

altitude changes. The change in peak value relative to the steady-state

. smplitude ratio, however, is less than twice, and the frequency change
is only slightly greater than that due to Mach number.

As mentioned “previously,these results represent the most severe
effect of nonlinearities. At other conditions of flight these effec~.s .
are reduced because of the decreased angle-”of-attackand control-
deflection range.

Aeroelasticit-y

Since a premium is placed on weight in the design of a missile and
the missile may be operated at extremely high dynamic pressure during a . ._:_
portion of.its rlight, the possibility of aeroelastic effects should be
scrutinized. Theoretically, aeroelasticity introduces additional
degrees of freedom to the equations of motion of the missile. However,
if the natural frequency at zero airspeed of the missile components,
such as the wing or tail, is many times that of the rigid-missile
short-period natural frequency, the dynamics of the components will have

—

little effect on the motions of the missile so that aeroelasticity
effects may be’treated as modifications to the usual significant static
and rotary derivatives. To determine whether thi’smay be the case for.
this missile, computations were made at the.hi~est d~afc Pressure ...

—.

.
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considering the missile material to be duralumin. These computations . ...
indicated that the ratios of the natural frequencies of the components
at zero airspeed to the short-period natural frequency of the rigid ..
missile are approximately 25 each.for the wi@ smd body and 17 for the

,.~-

tail. This result maybe indicative of the characteristics of most
maneuvering-type missiles which normally employ low-aspect-ratio
surfaces.

The effect of aeroelasticity, therefore~-was computed for all four
flight”conditionsneglecting the dynamics of the wing, tail, and body,
and the results are presented in figures 14 ~_d 15. It is seen .that
aeroelasticity tends to narrow the differences in the natural frequency.
This is a favorable.effect. HoWever, the differences in the gearing
are increased, which is unfavorable. This can be traced to the
Influence of the flexibility of the ~ail, For the condition of the
highest djmmic pressure (M = 2.5 at an altitude of 5,000 ft) the
changes to the frequency response “dueto “aeroelasticityare somewhat
less than those of the assumed nonlinearity at M = 1.2 and an altitude
of 50,000 feet.

CONCLUSIONS
-- —

-.

To conclude, the study of the effect of various factors on the
frequency response of two important aerodynamic functions for the
example variable-incidence supersonic missile may be summrlzed as
follows:

1. The most significant aerod~amic parameters are the lift
derivatives CL ~ CL8j the static-stability derivative C%, the

control-moment effectiveness derivative C%, and the damping deriva- __

tives C~ and- Cd. The lift and moment derivatives due to the rate of

change of control deflection C@ and CM mti-yhave a significant effect

on the phase”of ~/8,.at low Mach numbers and high frequencies.
.

2. The effects of altitude on the frequency response are large, -
with Mach number changes resulting in”a considerably smaller effect and _
both of these being much gre~ter than that due to possible errors in the
evaluation of the derivatives.

3. The greatest effect on the frequency response of the ass-d
nonlinearity in the pitching-moment coefficient with angle of attack and
control deflection varied from being slight~ greater to 2-1/2 times the
effect of Mach nuniber,dependi~” on the frequency-response characteristic
being compared.

.

—

..

.
-.

.—

—. R

.



NACA RM A51L17a 7

4. The additional degrees of freedom due to aer~elasticity of com-
ponents of the missile may normallybe neglected and the aeroelastic
effects taken into account by modifying the static and rotary deriva-

—

tives. For the conditions considered, the greatest effect of aero-
elasticity was somewhat less than that of the assumed nonlinearity.
It also appears that aeroelasticity may be used to narrow variations of .
certain fundamental characteristics in the frequency response.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Moffett Field, Calif.
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A= 2.31
m= 6,67 SLUGS

Iy = 4[ S LUG FEET 2

Figure 1.- Variable-incidence

s EXpoSED = 2.53 FEET2

~ EXPOSED = 1S4‘FEET

=s=

cruciform missile.

9

MISSILE
BODY AXIS

=s=
Figure 2.- Schem@ic diagram showing variables involyed in missile motion.
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Figure 9.- Effect of derivative inaccuracy;M, 2.0; eltitude, 30,000 feet.
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Figure 13. - Effect of nonlinear variation of pitching moment with angle
of attack; M, 1.2; altitude, ~, 000 feet ●

100

D

I

.1

100

10

I
1 10 100

(AI,RADIANS/SEC

ALTITUDE
50,000 FT

5,000 FT

10

1

.1

.0I

10

1

J 1 10 m
w, RADIANS/ SEC

~

Figure 14.- Effect of aeroelasticity, M = 1.2.
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Figure 15.- Effect of aeroelasticity, M = 2.5.
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